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ABSTRACT 
 
The purpose of this study was to establish the validity, reliability, and usefulness of a low-cost contact mat 
equipment (CM) with a force plate (FP) as the reference. Eleven female (18.6 ± 3.67 yrs.) and male (18.2 ± 
2.71 yrs.) basketball athletes performed hands-on-waist countermovement jump (CMJ) and squat jump (SJ) 
trials. Flight time (FT) and jump height (JH) in CMJ and SJ were subjected for analysis. Relative error 
expressed as percentage (%RE) was utilized to examine criterion validity between CM and FP. Concurrent 
validity was also established using Pearson moment correlation (r). Absolute reliability was determined using 
coefficient of variation (%CV). Relative reliability was identified using intra-class correlation coefficient (ICC). 
Usefulness was established by comparing typical error (TE) vs. smallest worthwhile change (SWC). Results 
revealed that CMJ and SJ from a low-cost CM can be used as an alternative tool in assessment of jump 
performance. 
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INTRODUCTION 
 
Jumping ability plays an integral part in the successful execution of sport skills and performance (Pojskić, 
Šeparović, Užičanin, Muratović, & Mačković, 2015; Ziv & Lidor, 2010). There is also evidence that jumping 
performance is a key indicator and useful discriminator of sporting level and player position (Abdelkrim, 
Chaouachi, Chamari, Chtara, & Castagna, 2010; Delextrat, & Cohen, 2008; Ostojic, Mazic, & Dikic, 2006; 
Ostijic, Mazic, & Dikic, 2006; Pojskic, Sisic, Separovic, & Sekulic, 2018; Sallet, Perrier, Ferret, Vitelli, & 
Baverel, 2005). Moreover, regular monitoring of athletes’ jumping ability can assist in monitoring training load 
and fatigue (Malone et al., 2015; McLean, Coutts, Kelly, McGuigan, & Cormack, 2010; Thorpe et al., 2015). 
 
Jump performance can be assessed using different methods. The ‘gold standard’ for jumping ability is 
measured using a force platform (FP) that derives kinetic data and jump height (JH), wherein JH is estimated 
from the impulse-momentum approach or flight time (FT) method (Attia et al., 2017; Buckthorpe, Morris, & 
Folland, 2012; Cordova & Armstrong, 1996; Cronin, Hing, & McNair, 2004; Dias et al., 2011; Ferreira, 
Schilling, Weiss, Fry, & Chiu, 2010; García-López et al., 2005; Moir, Shastri, & Connaboy, 2008; Walsh, Ford, 
Bangen, Myer, & Hewett, 2006). Although utilization of FP in jump measurement presents high validity and 
consistency, FP entails issues on affordability, portability, and technical expertise for set-up and data 
management. To address the challenges demonstrated by FP, several low-cost jump measurement systems 
were developed (Attia et al. 2017; Balsalobre-Fernandez, Glaister, & Lockey, 2015; García-López, Morante, 
Ogueta-Alday, & Rodríguez-Marroyo, 2013; Kenny, Cairealláin, & Comyns, 2012). Among these, the most 
frequently used system is through a contact mat (CM). Studies comparing CM with FP as criterion showed 
equivocal results (Borges Júnior et al. 2011; Kenny et al., 2012; McMahon, Jones, & Comfort, 2016; Rogan, 
Radlinger, Imhasly, Kneubuehler, & Hilfiker, 2015) which suggest the need for further research and 
development of CM equipment. 
 
The utilization of jump measurement tools among practitioners depend on equipment reliability and 
functionality (Pyne, Hopkins, Batterham, Gleeson, & Fricker, 2005). In addition, jump equipment that are easy 
to operate and portable also provide merit for use. Therefore, the aim of this study was to evaluate the validity, 
reliability, and functionality of the low-cost CM in estimating JH. 
 
MATERIAL AND METHODS 
 
Participants 
Eleven female (age: 18.6 ± 3.67 yrs.; weight: 67.2 ± 9.52 kg) and 11 males (age: 18.2 ± 2.71 yrs.; weight: 
74.9 ± 6.34 kg) basketball athletes in the competitive phase volunteered in the study. All the players have 
reported no history of any neuromuscular disease or injury in the previous 6 months. At the time of the study, 
they had a mean of 4.7 ± 1.8 years of competitive experience. Athletes trained 8 hours a week (4 sessions 
of 2 hours each) on the court to improve technical and tactical skills and 3 hours a week (2 sessions of 1.5 
hours each) off the court in the gym to improve their strength and power. Athletes also participated in a 
basketball game every Saturday or Sunday. Participants were asked to refrain from heavy training and 
tobacco, alcohol and caffeine use, and to avoid sleep deprivation for at least 2 days before the testing 
sessions. To stay properly hydrated, players were asked not to drink a large amount at once but to drink 
water frequently in small amounts during the testing sessions. All participants were informed of the purpose, 
benefits, and risks of the investigation, and all participants voluntarily participated in the testing. Written 
informed consent for the participation in the study was received from all participants older than 18 years of 
age. Parents or responsible adults (guardians) signed informed consent for those participants under the age 
of 18 years. This study was approved by the Mid-Sweden University Ethical Board (Approval No: 2018/714). 
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Procedures 
Experimentation occurred for two sessions separated by 48 h at a basketball facility located at Östersund, 
Sweden. To avoid diurnal variation, the sessions were performed in the same time between 6 and 8 pm. 
Anthropometric measurements and familiarization were administered in the first session. To avoid a 
systematic change in JH, athletes were provided with verbal encouragement to execute jump tests with 
maximal effort. In the second session, a standardized warm-up of approximately 15 min in duration was 
performed at the beginning of testing session. It included 10 minutes of a basketball-specific warm-up 
including the full court drills with dribbling and lay-ups and dynamic stretching. The dynamic stretching 
included front and lateral lunges, squats with dynamic exercise for the leg adductors, and exercises for the 
gluteus and gastrocnemius muscles. This was followed by a specific warm-up with high-intensity exercises: 
six vertical jumps (performed from ≈ 900 of the knee flexion angle) and two sub-maximal (70%) and maximal 
(95–100%) sprints. After the warm-up, there was an active rest of 3–5 min prior to the testing. Then, vertical 
jump testing occurred. 
 
Anthropometrics 
Body height and mass were measured to the nearest 0.01 m and 0.1 kg respectively, using a portable 
stadiometer and scale (Seca, Birmingham, UK) at the beginning of the familiarization session. Body mass 
index (BMI) = body mass (kg) / body height (m2) was also calculated for each player. 
 
Vertical jump 
This study involved athletes performing CMJ and SJ jump trials at an indoor basketball gymnasium during 
training time. For CMJ, athletes stood on a shoulder-width apart stance, and hands kept on the waist (Figure 
1a-e). Then, a quick countermovement was executed followed by a vertical jump whilst keeping hands on 
the waist. After CMJ testing, a 2-minute active rest followed. This was succeeded by performance of SJ trials. 
In SJ, athletes used the same stance and hand position of CMJ. Afterwards, the athletes were asked to bend 
their knees at approximately 90-120 degrees. This position was kept for 3 seconds. Then, the athletes 
proceeded with vertical jump without any countermovement. Three trials were administered for both CMJ 
and SJ with rest intervals of 30 seconds in between the trials. However, additional trial or trials were given if 
any faulty CMJ or SJ pattern execution was detected by the equipment or tester. Average FT and JH values 
in CMJ and SJ from CM and FP were kept for analysis. 
 
 
 
Figure 1. Low-cost CM system block scheme. 
 
Equipment 
Two-parallel copper-plated CM (28.54 x 28.54 cm) separated by 12 cm were placed over the FP. CM is 
connected to a hardware via a mobile application to arrive jump parameters. The hardware consists of a 
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development board (Adafruit Feather MO Basic Proto, Adafruit, USA), a Bluetooth module (BLE Micro, DF 
Robot, USA), and two 3 mm LED lights. The block scheme of the CM equipment is presented in Fig 2. FT 
was detected when the foot immediately leaves the contact mat and stops once the foot landed an area of 
the mat. JH was measured from FT applying the method described by Markovic, Dizdar, Jukic, & Cardinale 
(2004), JH values is displayed a developed android mobile application. 
 
A portable FP (80x60x6cm) (Ergotest innovation AS, Muscle Lab V10, Norway) with a sampling rate of 1000 
hz was used as criterion reference. For the purposes of our study, FP was connected to a laptop PC operated 
on Windows 7 with installed appropriate MUSCLELAB software for the data analysis. FP records vertical 
ground reaction force and automatically calculates JH from take-off velocity (Street, McMillan, Board, 
Rasmussen, & Heneghan, 2001) and FT from time in air method (Moir et al., 2008). To get unnecessary data 
for the ground force reaction and later take-off velocity calculation each subject’s body weight was measured 
by FP as subjects were required to stand still at the plate approximately 5 seconds prior every jump. Figure 
2 displays the equipment set-up. 
 
 
 
Figure 2. Measurement and set-up of the vertical jump performance using simultaneously a low-cost contact 
mat and a force plate (a. Starting position for CMJ; b. Starting position for SJ; c. Maximal jump height; d. 
Landing). 
 
Data analysis 
Descriptive statistics (mean, standard deviation and range) were calculated for each outcome variables. Data 
sets were checked for normality using the Shapiro Wilk test and by visual observation of the normality QQ 
plots. Criterion validity was established using relative error (RE) in measurement in terms of percentage 
(%RE). Interpretation of %RE was based on the following criteria: 1.5%, accurate; 1.5 – 2.5%, moderately 
accurate; > 2.5%, inaccurate (Abbiss, Quod, Levin, Martin, & Laursen, 2009). Concurrent validity was 
calculated using Pearson product moment correlation coefficient (r). The strength of the correlations was 
interpreted using the following qualitative descriptors: < .20, “very weak”; .20 – .40, “weak”; .40 – .70, 
“moderate”; .70 – .90, “strong” and > .90, “very strong” correlation (Learner & Goodman, 1996). Absolute 
reliability (within-subject variation) was established using coefficient of variation (%CV) expressed in 
percentage. It was calculated as outlined by Hopkins (2000). Intra-class correlation coefficient (ICC) was 
used to determine reliability (Bruton, Conway, & Holgate, 2000; Hopkins, Marshall, Batterham, & Hanin, 2009; 
Weir, 2005). A high test-retest reproducibility was considered to be for ICC > 0.70 (DeVellis, 2016). Lastly, 
usefulness was computed by comparing the smallest worthwhile change (SWC) derived from between-
subject SD multiplied by 0.3 and typical error (TE) (Hopkins, 2004; Pyne et al. 2005).In addition, Hopkins’ 
validity tool was applied derive regression equation for JH in CMJ and SJ (Hopkins, 2004). The statistical
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Table 1. Validity, reliability, and usefulness indices in CM and FP. 
  Force Platform    Contact Mat   %RE r (CI) 
       
 Mean ± SD %CV ICC TE SWC  Mean ± SD %CV ICC TE SWC    
CMJ                
JH (cm) 29.8 ± 6.29 4.82 0.89 1.63 2.00  33.5 ± 6.51 4.77 0.87 1.72 2.00  12.3 .91 (.83, .96) 
FT (ms) 0.50 ± 0.05 2.37 0.89 0.01 0.02  0.52 ± 0.05 2.93 0.77 0.02 0.02  5.08 .92 (.83, .96) 
               
SJ                
JH (cm) 26.9 ± 6.06 3.94 0.92 1.22 1.84  29.3 ± 5.86 4.59 0.88 1.50 1.80  9.48 .93 (.83, .97) 
FT (ms) 0.47 ± 0.05 1.97 0.93 0.01 0.02   0.52 ± 0.05 2.56 0.84 0.02 0.02   4.78 .93 (.85, .96) 
*CMJ = Countermovement jump; SJ = Squat jump; FT = Flight time; JH = Jump height; %RE = Relative error in percentage; r = Correlation coefficient; CI = Confidence interval. 
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significance for all tests was set at p ≤ .05. Statistical analyses were performed using freely available MS 
Excel charts (Hopkins 2007) and SPSS®24.0 (IBM SPSS Statistics, New York, USA) for Windows. 
 
RESULTS 
 
CMJ JH in CM indicated %RE = 12.3, r (CI) = .91 (.83, .96), %CV = 4.77, ICC = 0.87, TE = 1.72, and SWC 
= 2.00. CMJ FT in CM showed %RE = 5.08, r = .92 (.83, .96), %CV = 2.93, ICC = 0.77, TE = 2.00, SWC = 
2.00. 
 
SJ JH in CM displayed %RE = 9.48, %CV = 4.59, r = .93 (.83, .97), ICC = 0.88, TE = 1.50, SWC = 1.80. SJ 
FT presented %RE = 4.78, r = .93 (.85, .96), %CV = 2.56, ICC = 0.84, TE = 2.00, SWC = 2.00. Table 1 
depicts the measures of validity, reliability, and usefulness in CM and FP. 
 
DISCUSSION 
 
The purpose of this study was to determine the validity, reliability and functionality of JH and FT from CMJ 
and SJ using a low-cost CM, with FP as criterion reference. The main findings of the study are: a. JH and FT 
in CMJ and SJ in CM presented poor criterion validity; b.) JH and FT in CMJ and SJ in CM displayed 
acceptable concurrent validity; c.) JH and FT in CMJ and SJ in CM indicated acceptable within-subject test 
variability; d.) JH and FT in CMJ and SJ in CM showed adequate test reproducibility; e.) JH and FT in CMJ 
and SJ in CM exhibited equipment functionality. 
 
Criterion validity 
CMJ and SJ values in CM displayed poor criterion validity. JH and FT in CMJ and SJ obtained through CM 
were ‘inaccurate’ which overestimated the criterion values. The results were similar to the findings discovered 
by previous researchers that detected overestimation using CM (Enoksen, Tønnessen, & Shalfawi, 2009; 
García-López et al. 2005; Reeve & Tyler, 2013; Rogan et al., 2015; Whitmer et al., 2015). The inaccuracies 
of values in CM may be attributed to the violation in the assumption that take-off and landing mechanics are 
identical (Bosco, Luhtanen, & Komi, 1983; Hatze, 1998). In other words, take-off and landing time should be 
the same (Aragón-Vargas, 2000). However, there seems to be a possibility that knee flexion during landing 
was greater than take off which contributes to higher JH and FT values. To support this, Kibele (1998) found 
out that the position of the centre of gravity was longer at landing than at take-off. Similarly, Aragón-Vargas 
(2000) also determined a difference in the centre of mass traveling downwards than take-off with average 
difference of 0.016 sec. On the other hand, the take-off velocity method in calculating JH is not affected by 
this postulation (Moir et al., 2008). 
 
Another possible explanation for overestimation may be due to methodological definitions of jump height, 
wherein start of the FT in CM was detected right after plantar flexion while FT in FP is computed between 
the highest point during the jump and standing using double integration method (Baumgart, Honisch, 
Freiwald, & Hoppe, 2017). To put it simply, the FP method starts to record a FT prior a jumper takes-off (i.e. 
remove feet from the plate). This was confirmed by studies that showed double integration method calculated 
vertical jump displacement of the centre of mass before take-off (Aragón-Vargas, 2000; Moir, 2008). 
 
Concurrent validity 
Concurrent validity was determined from Pearson’s correlation coefficient. Results showed that the 
relationship of JH and FT in CMJ and SJ between CM and FP showed a ‘very strong’ correlation. Thus, 
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implications for JH and FT in CMJ and SJ with CM present high concurrent validity. In other words, CMJ and 
SJ measured by CM and FP assess the same physical capacity (i.e. jump performance) in the current sample. 
 
Reliability 
Previous studies have frequently reported the absolute and relative reliability of different methods for 
assessing VJH using %CV and ICC, respectively. Absolute and relative reliability of CMJ and SJ in CM were 
also assessed. Absolute reliability represents the precision of individual scores within a test (Weir, 2005). In 
this study, %CV was utilized to depict within-subject reliability. Researchers suggested that a %CV < 10 is 
‘acceptable’ (Atkinson, Nevill, & Edwards, 1999; Clark, Bryant, & Reaburn, 2006). It was observed that %CV 
JH and %CV FT in CMJ and SJ are acceptable which is in line with other studies (Attia et al., 2017; Markovic 
et al., 2004; Moir et al., 2008; Nuzzo, Anning, & Scharfenberg, 2011). 
 
Relative reliability was also established using ICC. ICC refers to the ratio of variance from individual 
differences to the total variability of the data (Bruton et al., 2000; Weir, 2005) (10, 52). DeVellis (2016) 
suggested that an ICC > 0.70 reflects high test reproducibility. In this study, CMJ and SJ data presented ICC 
> 0.70. The findings were consistent with from previous studies that posted high ICC of JH in CM (Aragón-
Vargas, 2000; Markovic et al., 2004). Thus, there is acceptable variability in measurement of JH and FT in 
CMJ and SJ using CM in a subject to the total variation across the CMJ and SJ data of all subjects. 
 
Usefulness 
Equipment usefulness of CM in CMJ and SJ was identified by comparing TE and SWC (Hopkins, 2004). A 
TE below SWC indicates equipment usefulness as ‘good’ while TE similar to SWC is rated ‘acceptable’. If TE 
is higher than SWC, is deemed to have ‘marginal’ usefulness (Pyne et al., 2005). Results showed that 
usefulness of CM in CMJ JH and SJ JH is considered good. However, CMJ FT and SJ FT demonstrated 
acceptable usefulness. 
 
Limitations 
In this study, FP was used as the criterion reference. Utilizing other methods (e.g. video camera) in examining 
criterion validity of CM may facilitate reduction of systematic errors. Also, comparing CM with other available 
equipment in jump measurement in large population may provide information on the efficiency of CM in jump 
testing. Lastly, investigating other values (e.g. reactive jump index) in the low-cost CM can be helpful in 
presenting other aspects of lower body capabilities. Future research undertaking the aforementioned 
limitations should be warranted. 
 
CONCLUSION 
 
In conclusion, the low-cost CM connected to a mobile application can be used as an alternative method in 
measurement of CMJ and SJ. 
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